loaded with potassium nitrate (KNO 3 /Al 2 O 3 ) catalysts were prepared, characterized and employed as a type of heterogenous solid base catalyst in the synthesis of polycarbonate (1,4-butane carbonate)-diol (PBC-OH) via the transesterification of dimethyl carbonate (DMC) and 1,4-butanediol (BD). The relationship between physicochemical properties and catalytic performance for KNO 3 /Al 2 O 3 in this transesterification reaction was investigated using various techniques. The results demonstrated that the performance of KNO 3 /Al 2 O 3 catalysts was highly influenced by basic site amount and strength. The medium and strong basic sites were beneficial for this reaction. The catalyst with a KNO 3 loading of 35% and a calcination temperature of 700 C exhibited the best catalytic activity due to its highest basic site amount and appropriate base strength. The highest BD conversion and PBC-OH yield of 80.2% and 68.4% were obtained under optimal reaction conditions. Also, this solid base catalyst was successfully employed in the synthesis of copolycarbonate diols from DMC and two different diols. Different scanning calorimetry results indicated that the thermal properties of the copolycarbonate diols can be adjusted by regulating the average segment lengths, M n and copolymer composition structure.
Introduction
Polyurethanes (PUs) are one of the most versatile plastic materials. The nature of their chemistry allows polyurethanes to be molded into unusual shapes and to enhance industrial and consumer products by adding comfort, warmth and convenience to our lives. PUs thus are widely used in producing clothing, plastics and biomedical products. The demands for these products have increased at a stable rate in recent years.
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In general, PUs are synthesized from ether-and ester-based macrodiols. In order to improve the properties of PUs, such as exibility and mechanical performance, weather and fungi resistance, anti-oxidation and anti-ultraviolet properties, polycarbonate diols (PCDLs) have been introduced by the academic and industrial community to prepare PUs. [3] [4] [5] [6] In the past decades, several approaches have been developed for the synthesis of PCDLs. [7] [8] [9] Among them, the two-step condensation polymerization of dimethyl carbonate (DMC) and aliphatic diols is preferred by researchers to prepare bulk PCDLs. This is because this method avoids the use of toxic chemicals like phosgene, and has exibility for the synthesis of PCDLs with diverse structures. 10 Generally, there are two different types of catalysts for the two-step condensation polymerization, i.e., homogeneous and heterogeneous catalysts. Homogeneous catalysts, such as sodium acetyl acetone (NaAcac), 11 alkali metal salts, 12 metal acetates, 13, 14 and NaH, 15 have the advantage of high efficiency and have been widely employed in industry. 16 However, it is difficult to separate the mixture of homogeneous catalyst and products through some simple separation methods. In this context, the development of heterogeneous catalysts is necessary considering the demerits of homogeneous catalysts. 17 Several applications of heterogeneous catalysts have been reported in literature. For example, Feng et al. 18, 19 reported KF/ Al 2 O 3 and calcined MgAl hydrotalcite exhibited good catalytic performance for the synthesis of poly(1,6-hexane carbonate)-diol (PHC-diol) from DMC and 1,6-hexanediol (HD). The HD conversion and PHC-diol yield achieved as high as 85% and 96%, respectively. However, the polyurethane has a low exi-bility and elastic recovery, if it is only prepared by PHC-diol. 20 In order to address these problems, aliphatic polycarbonate diols using 1,4-butanediol (BD) or two or more types of diols are disclosed. Recently, Lee et al. 1 and Kim et al. 21 considered NaH as the catalyst in the synthesis of copolycarbonate diols. However, the separation of catalysts is still a troublesome problem. In this perspective, it is signicant to nd a heterogeneous catalyst, which is easily to separate with the products and also has good catalytic activities in the synthesis of poly(1,4-butane carbonate)-diol (PBC-OH) and copolycarbonate diols. 27 have been widely used in the synthesis of biodiesel. However, the synthesis of PBC-OH and copolycarbonate diols using g-Al 2 O 3 -based catalysts is rarely reported in literature.
In this work, KNO 3 /Al 2 O 3 is used as the catalyst for the transesterication of DMC and BD. The relationship between the basic properties and catalytic activities was studied by X-ray powder diffraction (XRD), Fourier transform infrared spectrometry (FTIR), Brunauer-Emmett-Teller (BET), and CO 2 temperature-programmed desorption (CO 2 -TPD) methods. By using this solid base catalyst, the copolycatbonate diols are also synthesized and the thermal properties were investigated by different scanning calorimetry (DSC).
Experimental

Materials and instruments
The chemical materials involved are as follows: KNO 3 , g-Al 2 O 3 , DMC and 1,4-butanediol (BD) were purchased from Chengdu Kelong Chemical Company (China). 1,6-Hexanediol (HD) and 1,4-cyclohexanedimethanol (CHDM) were obtained from Shanghai Aladdin Bio-Chem Technology Co., Ltd., China. KNO 3 , DMC and HD were used as received. g-Al 2 O 3 was pretreated at 500 C for 5 hours prior to impregnation. And BD was dried with 4Å molecular sieves before use. The distillate in the rst step was determined using a gas chromatograph (Shimadzu GC-14B) tted with a ame ionization detector (FID). PEG 20 M was used as stationary phase. The column temperature was 120 C and injection temperature was 200 C. The BD conversion and the yield of polymer were calculated by eqn (1) and (2), respectively.
BD conversionð%Þ ¼ mole of methanol distilled in the first step 2 Â mole of diols Â 100%
(1)
Yieldð%Þ ¼ mass of purified polymer product molecular weight of repeating units mole of diols
The polymer structures were identied using 1 H nuclear magnetic resonance ( 1 H NMR).
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H NMR was recorded in CDCl 3 at 25 C by using a Bruker DRX-300 NMR spectrometer.
Number average molecular weight (M n ) and polydispersity index (PDI) of polymer were analyzed by employing a gel permeation chromatography (GPC) system equipped with a 2690D separation module and a 2410 refractive index detector. The system was performed at 30 C and a ow rate of 0.5 mL min À1 with tetrahydrofuran (THF) as eluent.
DSC tests were carried out on a TA Instrument DSC-Q20 thermal analyzer under nitrogen atmosphere. The samples were loaded in aluminium pans, heated to 120 C and kept for 5 min to remove thermal history, then were cooled to À80 C at a rate of 10 C min À1 , and nally were reheated to 120 C at the same rate. From the second heating run, the glass transition temperature (T g ) and melting temperature (T m ) of the copolymers of polycarbonate diols was obtained.
Characterization of catalysts
The catalyst samples were characterized by FTIR analysis using a ThermoFisher Nicolet 6700 spectrometer with a resolution of 0.4 cm À1 .
XRD analysis was conducted on a PANalytical X'pert Prodiffractometer using a radiation source of Co Ka radiation (l ¼ 0.1789 nm), within the 2q range from 5 to 80 .
The surface areas of catalysts were measured using a BET surface analysis apparatus with N 2 gas. The total pore volume was estimated according to the Barrett-Joyner-Halenda (BJH) method based on the adsorption isotherm.
The basicity of catalysts was measured by CO 2 -TPD. In a typical experiment, the catalyst (100 mg) was pretreated in the environment of He with a ow rate of 30 mL min À1 at 600 C for 2 h to remove moisture and other adsorbed gases. Aer cooling down to 50 C, the catalyst was exposed to the environment of pure CO 2 for 2 h, and then purged with He with a ow rate of 30 mL min À1 for 2 h to exclude physically adsorbed CO 2 . Subsequently, the sample was heated to 800 C at a rate of 10 C min À1 . The desorbed CO 2 was detected using a thermal conductivity detector. The content of K aer calcination was detected by inductively coupled plasma optical emission spectrometer (ICP-OES) using an Agilent 7700 instrument.
Preparation of catalysts
The catalysts were prepared by an incipient wetness impregnation method. In a typical process, 5 g Al 2 O 3 was impregnated using 5 mL of KNO 3 aqueous solution with appropriate concentration. Then, the mixture was kept at room temperature for 24 h. Aer removing the water on a rotary evaporator, the white solid was dried at 105 C for 12 h and then calcined at a given temperature for 5 h. The catalyst obtained was denoted as u% KNO 3 /Al 2 O 3 -T, where u and T represented the amount of KNO 3 loading and calcination temperature, respectively.
Synthesis of PBC-OH and copolycarbonate diols
The poly(1,4-butane carbonate)-diol (PBC-OH) was prepared by a two-step condensation polymerization method, i.e., transesterication and polycondenstation. A typical procedure was explained as follows.
In the rst step, DMC (21.62 g, 240 mmol), BD (18.21 g, 120 mmol) and some amounts of catalyst were successively charged into a 100 mL three-necked round-bottom ask, which was equipped with a mechanical stirrer, a reux condenser, a nitrogen inlet and a thermometer. Next, the mixture was heated to 125 C under nitrogen atmosphere and stirred continually for several hours. Then, the temperature was gradually increased to 170 C and sustained for about 1 h to separate the by-product. In this process, the temperature at the distillation head was controlled under 64 C in order to avoid too much loss of DMC. In the second step, the polycondensation temperature was adjusted to 140 C. The pressure was slowly reduced to about 5.0 Â 10 4 Pa and then sustained for 0.5 h. Aer that, the system pressure was gradually reduced to about 5.0 Â 10 3 Pa and maintained for 4 h. Finally, the polymer was obtained by dissolving the residue in dichloromethane (CH 2 Cl 2 ) and precipitating it with excessive ethanol. The nal products are dried in a vacuum oven for 12 h at 45 C to constant weight. The copolycarbonate diols were synthesized via a similar procedure.
3 Results and discussion
Screening of the catalyst
The catalytic performance screening of Al 2 O 3 supported with different nitrates in the transesterication of DMC and BD was investigated. The results are presented in Table 1 exhibited the best activity. Therefore, it was selected for further investigation and its properties were studied in detail.
Catalyst characterization
The XRD patterns of KNO 3 /Al 2 O 3 catalysts with different KNO 3 loadings and calcination temperature were measured, as displayed in Fig. 1 
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When the catalyst was calcinated at 500 C, the diffraction peaks identical to KNO 3 phase were obviously decreased in both the intensity and the number. This implies only part of KNO 3 was decomposed at 500 C. When the calcination temperature increased from 600 C to 800 C, neither characteristic peaks of KNO 3 nor new phase, such as K 2 O, could be noted in the XRD patterns. This is possibly due to their high degree of dispersion or their smaller amounts on Al 2 O 3 support than the detectable amount via the XRD technique. 29 In order to check the content of the calcined catalyst, the content of K of the 35% KNO 3 /Al 2 O 3 -700 catalyst was investigated by ICP-OES. The quantitative of ICP-OES shows that 8.6% of K is yielded, which is lower than the theoretical value. This is because a small part of K was lost during the preparation and calcination. In fact, in our experiments, obvious corrosion was found on the inside wall of crucible.
In Fig. 2 . In this gure, the peaks positioned at around denote the carbonates species, which is possibly generated through the carbonation of K 2 O with CO 2 in air. The isotherms of four samples are of type IV with an H4 hysteresis loop. Furthermore, the hysteresis loop of catalysts became narrower and the hysteresis point was shied to higher P/P 0 values. These phenomena imply that the average pore diameter increases aer impregnation of Al 2 O 3 with KNO 3 . The results for measured BET surface area and pore volume are presented in Table 2 . It can be seen that both BET surface area and the pore volume are signicantly decreased with the increasing content of KNO 3 . It is possibly ascribed to the effect of catalyst deposition on the support, blocking part of the porous network. 31, 32 However, the average pore diameter increases with the increase of the loading amount of KNO 3 . This nding is different from that reported by Xie et al. 25 In their work, the pore size decreased with the increasing amount of the KNO 3 loaded on the Al 2 O 3 . The possible reason could be that the thin layers formed on the surface of g-Al 2 O 3 reduce the small pores. This effect has little impact on large pores, and makes the catalyst pore sizes more equal, resulting in an increase in average pore size.
33 From the analysis above, we can infer that KNO 3 loaded on the Al 2 O 3 was decomposed and K 2 O species are formed. K 2 O and Al-O-K can be used as the active sites in the transesterication of DMC and BD.
Basic properties of catalysts
In order to investigate the relationship between the catalytic performance of a KNO 3 /Al 2 O 3 catalysts and their basic site strength and amount, CO 2 -TPD technology was performed. The results are shown in Fig. 4 . The desorption proles were deconvoluted to incorporate three kinds of basic sites, i.e., weak, medium and strong basic sites. Generally, a higher temperature is needed to desorb the CO 2 adsorbed on the more strong basic sites. 34 As presented in Fig. 4 , the position of CO 2 desorption peaks moved to higher temperature with the increase of the loading amount of KNO 3 and calcination temperature. It indicates that the basic strength of catalysts is enhanced with the increase of the loading amount of KNO 3 and calcination temperature. The desorption peaks at a temperature of less than 350 C can be attributed to the interaction of CO 2 with weak basic sites. These sites correspond to the -OH group on the surface of g-Al 2 O 3 . 27, 35 The peaks appearing at higher than 350 C are characteristic of CO 2 desorption from medium and strong basic sites, resulting from the Al-O-K and K 2 O species, respectively.
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The basic site amounts on the catalysts are listed in Table 3 . It is evident that the basicity of catalysts is also affected by the loading amount of KNO 3 and calcination temperature. The basicity of catalysts increased with the increase of the loading amount of KNO 3 and calcination temperature. The basicity However, further increase in the loading amount of KNO 3 can reduce the basicity. These observations could be ascribed to the overloading of KNO 3 that have saturated the Al 2 O 3 surface (see XRD in Fig. 1 ). The dispersion of excess KNO 3 could cover the active base sites which act as active sites for transesterication. Similar ndings were also reported in literature.
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The results also show that the catalyst basicity has a strong inuence on the catalytic activity in the transesterication of DMC and BD. As shown in Table 3 , an increase in the amount of basic sites is favour to improve the BD conversion. In addition, it should be noted that there is no obvious difference in the weak basic sites between 45% KNO 3 /Al 2 O 3 -700 and 35% KNO 3 / Al 2 O 3 -700, but the medium and strong basic sites decreased dramatically. The corresponding BD conversion decreased from 80.2% to 75.8%. This means the medium and strong basic strength centres were catalytical active in the synthesis of PBC-OH via the transesterication of DMC and BD catalyzed by 35% KNO 3 /Al 2 O 3 -700. Similar ndings are also reported in the work of Feng et al. 18 
Results of PBC-OH synthesis
As discussed above, the catalyst of 35% KNO 3 /Al 2 O 3 -700 exhibited the best catalytic activity. It is thus chosen to investigate the optimal reaction conditions on the synthesis of poly (1,4-butane carbonate)-diol (PBC-OH). Fig. 5 shows the impacts of catalyst amount on the synthesis of PBC-OH with the amount of 35% KNO 3 /Al 2 O 3 -700 varied from 0.1 wt% to 2 wt% (respect to the mass of BD). The BD conversion, M n and the yield of PBC-OH were steadily improved with an increase in the catalyst amount from 0.1 wt% to 1.5 wt%, beyond which it did not further increase. This is probably attributed to the increase in basicity with the rising amount of catalyst. Therefore, the optimum amount of catalyst is 1.5 wt% for 35% KNO 3 /Al 2 O 3 -700.
The effect of polycondensation temperature on the synthesis of PBC-OH was studied in the range of 120 C to 180 C. As shown in Fig. 6 , M n value gradually increased from 980 g mol
À1
to 1600 g mol À1 with a PBC-OH yield increasing from 37.9% to 68.4%, when the polycondensation temperature increased from 120 C to 140 C. M n reached the maximum of 1800 g mol À1 by
raising the polycondensation temperature to 150 C, whereas the PBC-OH yield decreased to 60.2%. If the temperature is further increased, both M n and PBC-OH yield decreased sharply. This phenomenon means raising polycondensation temperature in a certain range benets the polymerization reaction. However, excessive polycondensation temperature is detrimental to polycondensation reaction. This can be explained by the fact that high temperature could reduce the viscosity of the system, which is benecial for the diffusion of low molecular weight by-products. 37 It thus results in a higher value of M n at a high temperature than that at a low temperature. Unfortunately, PBC-OH is not stable owing to its thermal degradation at higher temperature. Similar effects of polycondensation temperature on the synthesis of M n of polycarbonates were reported by Wang et al. 38 and Zhu et al. 39 In order to obtain a high yield of PBC-OH, 140 C should be selected as a suitable polycondensation temperature for the PBC-OH synthesis.
In addition, the dependence of polycondensation time on the PBC-OH synthesis was also investigated. Polycondensation time was performed from 0 h to 6.5 h with the amount of 1.5 wt% of catalyst and polycondensation temperature of 140 C. As illustrated in Fig. 7 , M n , PDI and yield of resultant polymer increased quickly during the initial 4.5 h, and then changed slightly with prolonging time. This trend is mainly related to the chain-growth pathway in the polymerization reaction. As shown in previous literature, there are three possible chain-growth pathways during the polycondensation between dialkyl carbonate and diols: (1) transesterication between two carbonate end groups with elimination of dialkyl carbonate; (2) reaction between hydroxyl and carbonate end groups with removal of alcohol; (3) reaction between two short chains with two hydroxyl end groups through removing diols. 15, 40 In our previous study, 41 it has been reported that the reaction rate between two short chains with hydroxyl end groups is slow under a certain range of temperature. As shown in Fig. 8 
Recyclability test
Reusability is a key criterion to evaluate a heterogeneous catalyst. The reusability of the 35% KNO 3 /Al 2 O 3 -700 is depicted in Fig. 9 . The catalyst was recovered by ltration, and washed with dichloromethane (CH 2 Cl 2 ) for several times. Next, it is dried at 45 C in vacuum for 24 h for the next use. It was found that the BD conversion dropped slowly with the increase of reused time. The BD conversion was still above 70%, when the catalyst was repeated used for four times. A BD conversion of 68.7% was obtained at the h run. If the catalyst disposed by the h experiment was recalcined at 700 C for 5 h in air and reused in the next experiment, a BD conversion of 78.3% was attained. It indicates the catalyst can restore almost all its original activity. In order to further explore the reasons of deactivation of the catalyst, the catalysts were characterized by FTIR method, as shown in Fig. 10 . Compared with the fresh catalyst (curve a), the h reused catalyst (curve b) showed absorption peaks at 2945 cm À1 and 2841 cm À1 , which corresponded to the asymmetric and symmetric C-H stretching vibration of methylene, respectively. 17 The peaks at 1746 cm À1 and 1263 cm À1 are due to the stretching and asymmetric stretching vibration as of C]O and O-C-O of the carbonate backbone, respectively. 13 These peaks indicate the presence of PBC-OH. Furthermore, the h reused catalyst was also washed by chloroform (CHCl 3 ) and characterized by FTIR (curve c). Obvious peaks for PBC-OH can also be detected. It implies that it is unavoidable for the residual of PBC-OH. According to work of Feng et al., 19 the pore structure played a key role in the synthesis of PCDLs. Therefore, we speculate that part of PBC-OH remained in the pore of the catalysts, which could not be removed completely by washing with solvent. Upon regeneration by heating at 700 C for 5 h in air (curve d), most of the peaks for PBC-OH disappeared, implying the removal of PBC-OH deposit by air oxidation. Furthermore, on the basis of the results of FTIR, it was speculated that the trace PBC-OH covered part of the active center, resulting in the catalyst deactivation.
Catalytic activity for other diols
Finally, in order to examine the versatility of the system, we synthesized copolycarbonate diols through the transesterication of DMC and two different diols using 35% KNO 3 / Al 2 O 3 -700. The copolycarbonate diols incorporated with line diols (BD and HD) and cycloaliphatic diol (BD and CHDM) were obtained, and the corresponding copolycarbonate diols were labeled as PBHC-OHx and PBCC-OHx, where x is the molar ratio of HD and CHDM molar content to total diols in feed, respectively. It should be noted that variable x was in the range of 10 to 50, because no product was generated when x was higher than 50. It is possibly due to the different reactivity of BD towards HD and CHDM. The molar compositions in nal polymer are exhibited in Table 4 . It is noteworthy that the molar ration of BD/HD in copolymer is slightly lower than that of BD/ HD in feed. This is mainly attributed to side reaction of BD in transesterication.
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The thermal properties of the copolycarbonate diols were evaluated by DSC test. The second DSC heating traces are illustrated in Fig. S1 of ESI. † The detailed data, including melting temperature (T m ), and glass transition temperature (T g ) are listed in Table 4 . We can nd that the thermal properties of copolycarbonate diols was inuenced by its average segment lengths, M n , and copolymer composition structure. As shown in Table 4 , the neat PBC-OH and PHC-OH (entries 1 and 2) are crystallizable, giving T m temperatures of 60.9 C and 46.5 C, respectively. Whereas, the values of T m for PBHC-OH samples (entries 3-7) are found to decrease with the increase of HD comonomer composition. T m for PBHC-OH20, PBHC-OH30, PBHC-OH40 and PBHC-OH50 copolymer could not be found. It indicates that the copolycarbonate diols with a HD unit content ranging from 24 mol% to 52 mol% are completely amorphous. This is mainly because the skinny amount of HD breaks the law of backbone, resulting in signicantly reducing the crystallinity of PBHC-OH20, PBHC-OH30, PBHC-OH40 and PBHC-OH50. A similar explanation can also be found in a relevant paper.
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Furthermore, we found that the T g values increased with the increase of molecular weight (entries 7 and 8). This phenomenon is mainly because a large number of chain ends disrupt the order in their environment and increase free volume.
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Finally, the T g values are also inuenced by copolymer composition structure. As shown, T g value for PBCC-OH50 (entry 9) is much higher than that for PBHC-OH50 (entry 8). This is attributed to the strengthening rigidity of copolymers chains caused by CHDM units owing to the poorer rotation of the cyclohexane segment in comparison to HD unit.
46
Compared with the results of copolycarbonate diols in literature, 1 the copolycarbonate diols we synthesized have narrow polydispersity index (PDI < 1.70). The M n of the copolycarbonate diols can be adjust by regulating the polycondensation temperature. Furthermore, expect the sample of PBHC-OH10, the copolycarbonate diols in this work were clear oil at room temperature, which are more interested for the industrial community. 
Characterization of the polycarbonate diols
Fig . 11 shows the 1 H-NMR spectra of synthesized polycarbonate diols. For the spectrum PBHC-OH50, the peak sites in PBHC-OH50 are almost identical to those of PBC-OH and PHC-OH. The multiple peaks appearing at 4.10-4.16 ppm correspond to the -OCH 2 protons (a and b protons) of BD units and HD units; the peak of c proton can be found at 3.68 ppm; the peak around 1.71 ppm is assigned to d proton from BD units; and the peaks around 1.68 and 1.40 ppm are attributed to e and f protons of HD units, respectively.
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For the spectrum of PBCC-OH50, except for the peaks assigned to BD units (a and d protons), the peak appearing at 3.94 ppm corresponds to the g proton of CHDM units; the peaks at around 3.68 ppm and 4.02 ppm are due to the terminal -CH 2 connected to -OH group; the peaks at 1.83 and 1.04 ppm are attributed to n and m protons from CHDM unit. In addition, the peaks round 1.65 ppm are attributed to -CH of CC unit (n proton). 43, 46 In summary, the 1 H signs are well-founded assigned to the protons at different positions. Moreover, there are no signals detected at 3.78 ppm, implying the absence of methyl carbonate end groups.
Conclusions
In the transesterication of DMC and diols, KNO 3 /Al 2 O 3 is proved to be an efficient heterogeneous catalyst and displays a remarkable activity and a good stability. 
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